study hypothesis: Susceptibility to inherited cryptorchidism in the LE/orl rat may be associated with genetic loci that influence developmental patterning of the gubernaculum by the fetal testis. study finding: Cryptorchidism in the LE/orl rat is associated with a unique combination of homozygous minor alleles at multiple loci, and the encoded proteins are co-localized with androgen receptor (AR) and Leydig cells in fetal gubernaculum and testis, respectively.
Introduction
Nonsyndromic cryptorchidism, or undescended testis, is a common reproductive anomaly of unclear etiology, most likely involving multilocus genetic susceptibility, environmental exposures and/or maternal factors. Clustering of cryptorchidism has been reported in a number of families (reviewed in (Savion et al., 1984) ); in most of these cases, multiple individuals in the same generation have been affected, and phenotypic variability has been observed, particularly with regard to laterality. Extended pedigrees have not usually been examined, but autosomal dominance with reduced penetrance is most often cited as the probable mode of inheritance. Case -control studies also support familial aggregation suggesting moderate genetic risk (Czeizel et al., 1981; Jones and Young, 1982; Elert et al., 2003; Schnack et al., 2008) and higher maternal transmission, supporting the possibility that maternal factor(s), or X-linked risk alleles, influence expression of the phenotype. In a large population study, co-occurrence rates of persistent cryptorchidism were 1.8% in unrelated boys, 2.4% in paternal half-brothers, 4.3% in maternal half-brothers, 7.5% in full brothers, and 16.7 and 26.7% in dizygotic and monozygotic twins (Jensen et al., 2010) . The frequencies of sporadic and familial cryptorchidism suggest multifactorial inheritance due to interaction of multiple, individually low risk susceptibility loci and/or environmental factors. While suggestive evidence implicates a role for altered hormonal signaling in the etiology of the disease (Jain and Singal, 2013; Thankamony et al., 2014) , neither candidate gene nor genome-wide association studies have defined strong association with any locus (Dalgaard et al., 2012; Barthold et al., 2015a, b) , nor is there consistent association with exposure to endocrine disrupting chemicals (Virtanen and Adamsson, 2012) .
Spontaneous non-syndromic cryptorchidism occurs commonly in some mammalian species (Amann and Veeramachaneni, 2007) and the patterns suggest multilocus inheritance in both rats and swine (Ikadai et al., 1988; Rothschild et al., 1988) , but specific loci have yet to be defined. Isolated cryptorchidism has been reported in substrains of King-Holtzman, Wistar Kyoto (WKA), Long Evans (LE) and Buffalo rats (Dressler et al., 1983; Ikadai et al., 1988; Mouhadjer et al., 1989; Patkowski et al., 1992) but is not reported as a sporadic phenotype in outbred strains. In inbred cryptorchid rat strains, 60 -85% of offspring are affected with testes located in the superficial inguinal pouch, one of the most common locations found in clinical cases (Moul and Belman, 1988; van Brakel et al., 2011) . Breeding studies show incomplete penetrance and evidence for complex inheritance (Ikadai et al., 1988) . Fertility is reduced in affected males but spermatogenesis can be restored with orchidopexy (Patkowski et al., 1992; Lugg et al., 1996; Zhou et al., 1998) . In previous studies comparing the fetal gubernaculum of a representative strain, the LE-derived LE/orl cryptorchid rat, with the outbred parental LE strain (Crl:LE), we reported altered expression of cytoskeletal and muscle-related genes (Barthold et al., 2008) , abnormal shape (Barthold et al., 2006) and muscle patterning defects . There was also a significant reduction in testicular testosterone and altered expression of androgen-responsive gubernacular transcripts in LE/orl fetuses (Barthold et al., 2013) . In the present studies, we used genetic, genomic and protein expression methodology to define candidate genes at genomic loci associated with the LE/orl phenotype. Our findings suggest polygenic cryptorchidism susceptibility in this strain, with plausible causal variants in genes encoding proteins that co-localize with the androgen receptor (AR) in fetal gubernaculum and with Leydig cells in fetal testis.
Materials and Methods

Ethical statement
Breeding colonies were maintained at the Nemours Biomedical Research Life Science Center in accordance with Guidelines for Laboratory Animal Care and Use following approval of protocols by the Institutional Animal Care and Use Committee. The Life Science Center is accredited by the Association for the Accreditation and Assessment of Laboratory Animal Care.
Animal care and breeding
The LE/orl colony, a kind gift of Dr. Andrew Freedman, has been maintained long-term in our laboratory under standard conditions as previously described (Barthold et al., 2006 (Barthold et al., , 2008 , using breeding protocols to minimize inbreeding and associated subfertility. Outbred Long Evans (Crl:LE) and Sprague Dawley (Crl:SD), and inbred Wistar Kyoto (WKY/ Ncrl) rats (all from Charles River Laboratories) were purchased at age 2 -3 months. Standard rat strain terminology is used throughout based on the compendium in the Rat Genome Database (RGD, http://rgd.mcw. edu/). Rats received food (Lab Diet Rat Chow5021; PMI Nutrition International) and water ad libitum and were housed in polycarbonate cages with pine shaving bedding in a room with a 12:12 light cycle and controlled temperature (70 + 28C) and humidity (35-70%). Purchased strains were allowed a period of adjustment prior to placement with males to generate timed pregnancies, and tissue recovered at the time of ear punch identification was used for DNA extraction and genotyping. Vaginal smears were obtained to document the presence of sperm and the morning of the day of detection (sperm positive) was designated embryonic day (E) 0. We analyzed 5-year breeding records of Crl:LE and LE/orl rats used in this and prior Inherited cryptorchidism in the LE/orl rat studies (Johnson et al., 2010; Barthold et al., 2013 Barthold et al., , 2014 to determine the mean interval required to achieve sperm positive status, the number of successful deliveries, surviving pups and/or fetuses, and individual fertility data for LE/orl and Crl:LE strains.
Using microsatellite data available at the initiation of this study, we chose the WKY/NCrl rat strain for intercross-backcross experiments to maximize the number of polymorphic markers by comparison with the parent Crl:LE strain as a proxy for LE/orl. We generated a total of 25 female and 3 male LE/orl-WKY/Ncrl F 1 heterozygous pups that were maintained into adulthood, then reciprocally backcrossed with LE/orl rats. F 2 males were examined at or after 3 weeks of age, euthanized by CO 2 inhalation, and testes were removed from affected males and processed for DNA extraction immediately or frozen. Additional breeding of outbred Crl:LE and Crl:SD strains was performed to generate animals homozygous for specific alleles in genes of interest within linkage peaks.
Fetal tissue samples and primary cell lines
For developmental studies, we generated timed pregnancies using Crl:LE and LE/orl females. We developed a restriction enzyme assay for a Esr2-Syne2 tag single nucleotide polymorphism (SNP; Supplementary Table SI) and after validation via direct sequencing, we used this assay to genotype Crl:LE adults to allow selective breeding and to genotype fetuses of heterozygous matings using DNA extracted from ear clips and liver, respectively. After confirmation of pregnancy by palpation, female dams were euthanized by CO 2 inhalation at E17, E19 or E21 between 12 and 3 pm. Fetuses were collected, euthanized by decapitation, and fetal gubernacula were microdissected as previously described (Barthold et al., 2013 . Pairs of gubernacula were removed en bloc and fixed in 4% paraformaldehyde in phosphate buffered saline (PBS) overnight at 48C. Gubernacula were then incubated in 27% sucrose for a further 12 h at 48C, subsequently embedded in optimal cutting temperature media (OCT, Sakura Finetek USA, Inc.) and frozen at 2708C. Sectioning of the embedded tissue was carried out using a Leica CM3050 cryostat (Barthold et al., 2015b) . Cell lines were generated from E17 rat gubernacula dissociated overnight by incubation with 5 mg/ml collagenase I (Worthington) in Hanks' Balanced Salt Solution (HBSS, Invitrogen) at 48C. The organs were triturated and the cells were plated onto collagen I-coated (Sigma, 5 mg/cm 3 ) T25 flasks in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Life Technologies) supplemented with 18% fetal bovine serum (Hyclone), 10 mg/ml rat epidermal growth factor (Peprotech), 2.5 mg/ml rat basic fibroblast growth factor (Peprotech), 0.4 mg/ml dexamethasone (Sigma), 10 mM of the Rho kinase inhibitor Y27632 (R&D systems) and penicillin/streptomycin (Hyclone). Cells were maintained in a humidified incubator at 378C with 5% CO 2 .
Linkage analysis
DNA was isolated using the DNAeasy extraction kit (Qiagen) and PCR primer pairs (Rat Mappairs & , Research Genetics) were used for microsatellite genotyping. Four-color multiplexed marker panels were typed using capillary electrophoresis fragment analysis (either the 310 or 3130xl Genetic Analyzer, Applied Biosystems). We determined that given a maximum intermarker distance of approximately 20 cM in our genome-wide screening set, simulation of linkage analysis indicated that 15 -20 rats were sufficient to detect potential areas of linkage with our chosen marker panel. However, analysis of marker genotypes of an initial cohort of affected LE/orl-WKY F 2 males (n ¼ 23) using LINKAGE ( (Lathrop et al., 1984) ; http://www. jurgott.org/linkage/LinkagePC.html) failed to show any potential areas of linkage. To increase power to detect associated genomic regions, provide finer mapping, and to facilitate copy number variation (CNV) analysis, we generated additional affected males (n ¼ 54 total) and used a genome-wide Rat Mapping 10 K SNP kit (Affymetrix) for genotyping by a commercial service (Cogenics, Inc.). In both analyses, markers were chosen based on a preliminary analysis of each parental strain, and uninformative microsatellites and SNPs and inconsistent or heterozygous genotypes were excluded. All data were analyzed using transmission disequilibrium testing with empirical estimation of significance by permutation analysis (n ¼ 10 000 to correct for multiple testing) as implemented in the parenTDT function of Haploview ( (Barrett et al., 2005) ; https://www.broadinstitute.org/scientific-community/ science/programs/medical-and-population-genetics/haploview/haploview).
Direct (sanger) sequencing and fragment analysis
Regions of interest identified by association studies and for genotyping purposes were PCR amplified using specific primers obtained from Integrated DNA Technologies (Supplementary Table SI ). For DNA fragments requiring sequence data, we used the Big Dye Terminator Cycle Sequencing Kit (Applied Biosystems) and reactions were analyzed using the 3130xl Genetic Analyzer. In some cases, we used restriction enzyme digestion (obtained from New England Biolabs) and fragment analysis for routine genotyping, after validation with formal sequencing analysis. These samples were either digested with enzyme followed by gel electrophoresis, or directly run on a 3% Nusieve agarose (Lonza)/TAE (Fisher) gel, and visualized under UV using ethidium bromide (Sigma) staining.
Whole genome sequencing
Genomic DNA libraries from Crl:LE (heterozygous Syne2-Esr2 haplotype), LE/orl and a cryptorchid Crl:LE-SD/crl intercross male (SLM26) were generated at the Delaware Biotechnology Institute (DBI) using the TruSeq DNA Sample Preparation Kit (Illumina). The three samples were indexed across six lanes of Illumina HiSeq 2500 paired-end 150 bp sequencing at the DBI Sequencing and Genotyping Center. The unprocessed Illumina sequencing data have been submitted to the NCBI Sequence Read Archive (SRA), and all data are linked under BioProject ID PRJNA289481.
Whole genome sequencing data analysis
Genome resequencing data were analyzed using genomic variant analysis pipelines developed by the Center for Bioinformatics and Computational Biology Core facility at DBI to support clinical and biomedical research (Crowgey et al., 2015) . Briefly, sequencing data were trimmed and filtered to remove sequencing adapters and low-quality (Q . 0.01) bp using CLC Genomics Workbench (CLC Bio; Aarhus, Denmark). The filtered data were initially aligned to the Rattus norvegicus reference genome (RGSC 5.0/Rnor5.0) using BWA-MEM (Li and Durbin, 2009; Li, 2014) . GATK UnifiedGenotyper (McKenna et al., 2010) was used to call SNPs, and PinDel (Ye et al., 2009) and BreakDancer (Chen et al., 2009; Fan et al., 2014) were used to identify larger structural variants and copy number variations (CNVs) from alignment files (BAM) and produce variant call files (VCFs). Quality control metrics were analyzed throughout the process using VCFtools ( (Danecek et al., 2011) , http://vcftools.sourceforge.net), PSEQ (https://atgu.mgh. harvard.edu/plinkseq/pseq.shtml), and custom scripts. VCF files were annotated with genome features based upon the RGD Genome Browser (Shimoyama et al., 2015) Rnor5.0 annotation (version 2014-08-14) . Variants were further annotated with quality and genotypic data, using the Quality and Genetic Modules previously described (Crowgey et al., 2015) . Various measures of deleteriousness were determined using SnpEff/ANNOVAR (Cingolani et al., 2012), Polyphen2 (Adzhubei et al., 2010) (http://genetics.bwh. harvard.edu/pph2) and PROVEAN (Choi et al., 2012) (http://provean. jcvi.org/). JBrowse (Skinner et al., 2009; Westesson et al., 2013) (http:// jbrowse.org/) was utilized for visualization and comparison with the publicly available annotations and variants collected in RGD. In addition, exonic variant data available in the Rnor3.4 and Rnor5.0 assemblies of the RGD Variant Visualizer (http://rgd.mcw.edu/rgdweb/front/config.html) were downloaded for comparison analysis and our whole genome sequencing (WGS) data were submitted for inclusion in this RGD tool. We filtered VCFs in linkage peaks for potentially functional variants (premature stop codons, non-synonymous, frame shift and splice site mutations) and prioritized chromosome (chr) 6 and 16 genotypes common to LE/orl and SLM26 and distinct in Crl:LE. For CNVs, we used the eXome-Hidden Markov Model (XHMM; (Fromer and Purcell, 2014) ).
We cross-referenced our data with variant data available for 42 rat strains in the RGD Variant Visualizer and we examined syntenic regions in other species using the tools available in UCSC Genome Bioinformatics (http://genome.ucsc.edu/). We uploaded all protein-coding genes within top linkage peaks from the NCBI Map Viewer (http://www.ncbi.nlm.nih. gov/projects/mapview/, Annotation Release 104) into Ingenuity Pathway Analysis (IPA&) and performed comparison analyses in IPA with our existing transcriptome data (Barthold et al., 2008 (Barthold et al., , 2013 Johnson et al., 2010) . We further prioritized potentially deleterious variants based on the following criteria: (i) knockout mouse or syndromic cryptorchidism genes collated in Mouse Genome Informatics (MGI; http://www.informatics.jax.org/), Online Mendelian Inheritance in Man (http://www.ncbi.nlm.nih.gov/omim) and/or PubMed (http://www.ncbi.nlm.nih.gov/pubmed) databases; (ii) developmental or hormone responsive genes defined by gubernaculum transcriptome data (Barthold et al., 2008 (Barthold et al., , 2013 Johnson et al., 2010) , (iii) genes encoding known AR-interacting proteins (http://androgendb.mcgill.ca/) (Gottlieb et al., 2012) , (iv) participants in pathways defined by our cryptorchidism genome-wide association study data analyses (Barthold et al., 2015a) and/or (v) PhyloP conservation score (Pollard et al., 2010) defined in the UCSC genome browser of the corresponding human syntenic nucleotide(s), with .1.5 defined as conserved (Dong et al., 2015) . Conserved and/ or deleterious variants within the most promising candidate genes were prioritized for further focused studies of mRNA and protein expression in fetal gubernacular tissues and cells.
RNA extraction and qRT -PCR
Total RNA purification, cDNA generation, qRT -PCR, and data analysis using the ddCT method were described previously (Barthold et al., 2013 . We utilized existing samples of cDNA from Crl:LE and LE/orl E17 and E19 fetal gubernacula, and E17 gubernacula cultured for 24 h with dihydrotestosterone (DHT; 0, 10 or 30 nM) following a 24 h washout period (n ≥ 5 replicates/group from ≥2 litters) for analysis of transcripts of interest, including those identified as hormone-responsive in our previous genome-wide studies (Johnson et al., 2010; Barthold et al., 2013) . We genotyped fetal liver DNA for the Syne2-Esr2 tag SNP to allow statistical analysis of chr6 genotype-specific levels of differentially expressed (Crl:LE versus LE/ orl) and/or hormone-responsive transcripts. Expression of target genes was normalized to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) expression and quantified using a fetal rat embryo total RNA preparation (Applied Biosystems/Ambion) as calibrator. We used the ABI PRISM 7900HT Sequence Detection System and pre-validated TaqMan gene expression assays (Applied Biosystems) to measure transcript levels of ankyrin domain-containing 28 (Ankrd28): Rn01450330_m1; androgen receptor (Ar): Rn00560747_m1; bone morphogenetic protein 3 (Bmp3): Rn00567346_m1; chordin-like 2 (Chrdl2): Rn01510694_m1; cytochrome P450, family 11, subfamily A, polypeptide 1 (Cyp11a1): Rn00568733_m1; cytochrome P450, family 17, subfamily A, polypeptide 1 (Cyp17a1): Rn00562601_ m1; cytokine receptor like factor 1 (Crlf1): Rn01419973_m1; chemokine (C-X-C motif) ligand 12 (Cxcl12): Rn00573260_m1; estrogen receptor 1 (Esr1): Rn01430446_m1; glyceraldehyde-3-phosphate dehydrogenase (Gapdh): Rn99999916_s1; hyaluronan synthase (Has2): Rn00565774_m1; insulin-like 3 (Insl3): Rn00586632_m1; luteinizing hormone/choriogonadotropin receptor (Lhcgr): Rn00564309_m1; myosin heavy chain 3 (Myh3): Rn00561539_m1; myosin heavy chain 7 (Myh7): Rn00568328_m1; myogenin (Myog): Rn00567418_m1; nuclear receptor coactivator 4 (Ncoa4): Rn01450250_g1; poly (ADP-ribose) glycohydrolase (Parg): Rn00580158_m1; prepronociceptin (Pnoc): Rn00564560_m1; relaxin/insulin-like family peptide receptor 2 (Rxfp2): Rn01412901_m1; secreted frizzled-related protein 2 (Sfrp2): Rn01458837_m1; slit homolog 3 (Slit3): Rn00580013_m1; small optic lobes homolog/calpain 15 (Solh/Capn15): Rn01309818_m1; scavenger receptor class B, member 1 (Scarb1): Rn00580588_m1; steroid acute regulatory protein (Star): Rn00580695_m1; spectrin repeat containing, nuclear envelope 2 (Syne2-5 ′ ): Rn01473640_m1 (exon 17 -18); Syne2-3 ′ : Rn01472358_m1 (exon 108 -109); transforming growth factor beta 2 (Tgfb2): Rn00579674_m1; wingless-type MMTV integration site family, member 4 (Wnt4): Rn00584577_m1 and wingless-type MMTV integration site family, member 5a (Wnt5a): Rn00575260_m1.
Imaging
Dissociated E17 gubernacula grown on collagen 1-coated plates (Fisher) in selective media were used for imaging at passage 4 -5 following initial dissociation and plating. Y27632 was removed from the media, and the following day cells were washed with PBS and fixed in 4% paraformaldehyde in PBS on ice for 45 min. The cells were permeabilized by addition of 0.1% Triton X100 for 15 min, washed with PBS, and stored in PBS with 0.5% sodium azide at 48C. For imaging of sections, intact gubernacular blocks were fixed in 4% paraformaldehyde for 12 h, incubated overnight in 27% sucrose, embedded in OCT and stored at 2708C until sectioning at 10 mm using a Leica CM3050 cryostat. A rat-specific anti-peptide nesprin-2 antibody (N2abd-83) was commercially generated at ThermoFisher Scientific (Pierce Biotechnology, Inc.) using an amino (N-) terminal polypeptide sequence within the actin binding domain (ABD) of the protein (rat sequence: KEAFRIAEHELKIPKL-LEP, amino acids 245 -263). The antibody was generated in rabbits and subsequently affinity purified. Other antibodies used for genotype-specific immunostaining of Crl:LE and LE/orl sections and cells included AR (Santa Cruz Biotechnology, N-20/sc-816; 1:100), N3 (anti-human C-terminal nesprin 2 antibody, a kind gift from Dr. Qiuping Zhang; 1:500), SOLH/ calpain 15 (Abcam, 39881; 1:500), ANKRD28 (Bethyl Labs, A300-974A-T; 1:250) and myosin heavy chain/all isoforms (Developmental Studies Hybridoma Bank,; A4.1025; 1:50). Samples were blocked for non-specific binding by incubation with PBS/3% BSA solution for one hour at room temperature (RT). They were then incubated overnight in PBS with combinations of antibodies as indicated in the figure legends. Following incubation with primary antibodies, samples were washed 3× with PBS for 5 min each and then incubated with secondary AlexaFluor labeled antibodies (Life Technologies) in PBS for 1 h at RT. Samples were then washed and imaged using an Olympus BX60 digital photomicroscope equipped with ImagePro v7.0 software (Media Cybernetics).
Leydig cell image analysis
We observed lower levels of testicular testosterone in LE/orl as compared with Crl:LE fetuses in a prior study . After defining genotype-specific testicular testosterone levels, as noted for qRT -PCR experiments, we generated estimates of Leydig cell counts per testis (Scott et al., 2008) . Fetal testes were removed at E17 and E19, placed in Bouin's fixative for 1 h at room temperature, imaged for volume measurement using an Olympus BX51 microscope equipped with ImagePro Plus v7.0 software (Media Cybernetics), and placed in 70% ethanol. Samples were then embedded in paraffin and sectioned in their entirety at 5 mM. For analysis, slides were deparaffinized and permeabilized in PBS/0.05% Tween-20 (PBST) for 10 min at room temperature. Antigen retrieval was performed by heating slides at 858F for 40 min in sodium citrate solution (pH 6) in 0.05% Tween-20. Slides were allowed to come to room temperature and a random number generator was used to select 5 sections. Slides were incubated in PBST plus 0.1% Triton for 5 min, washed in PBST for 5 min and Inherited cryptorchidism in the LE/orl rat then blocked with 10% BSA in PBST for 30 min at room temperature. A Leydig cell-specific anti-3 beta hydroxysteroid dehydrogenase antibody (3bHSD; p-18, Santa Cruz #30820) was diluted in blocking buffer at 1:250 and applied to selected sections overnight at 48C. After rinsing, slides were incubated with AlexaFluor DaG488 secondary antibody in PBS for 1 h at room temperature. Slides were then washed with PBS, counterstained for nuclei with 4 ′ ,6-diamidino-2-phenylindole (DAPI), imaged at 20× and montaged together using the EVOS auto fluorescence microscope (Life Technologies). Images were overlaid with a grid using ImageJ (Girish and Vijayalakshmi, 2004) (http://imagej.nih.gov/ij/). Nuclear and cytoplasmic Leydig and non-Leydig point counting was used to determine Leydig cell volume per testis. For analysis of candidate proteins in testis, we used 5 mM sections processed as noted above, with 3b-HSD and anti-alpha smooth muscle actin (aSMA) antibodies to localize Leydig cells and peritubular myoid cells, respectively, and additional antibodies as described for gubernaculum studies.
Statistical analysis
Breeding data were analyzed using Fisher's exact test for frequencies and t tests for quantitative data. qRT -PCR genotype-specific gene expression data were log-transformed and analyzed using ANOVA with least significant difference (LSD) post hoc analysis. All statistics were performed using IBM w SPSS Statistics 22 and P-values of ,0.05 were considered statistically significant.
Results
Fertility, fecundity and neonatal survival are reduced in the LE/orl strain Breeding data from Crl:LE and LE/orl rats collected during a 5-year period (Table I) show significant reductions in the number of successful matings, fetuses/litter and surviving pups/litter in the LE/orl substrain compared to Crl:LE. While sperm positive status was less likely in LE/ orl as compared with Crl:LE females during mating periods, successful conception, as measured by the percent of pregnancies confirmed by maternal necropsy or delivery in females documented as sperm positive, was not significantly different. However, unexplained death (12%) was more likely in LE/orl rats, typically following symptoms of respiratory distress, and total neonatal demise occurred in 30% of LE/orl litters but was not observed in the Crl:LE strain. Sudden death may be attributable to the increased susceptibility of the LE/orl strain to reactive airway disease (Rodriguez et al., 2014) . As we did not maintain long term Crl:LE colonies, LE/orl rats used for breeding were significantly older (Table I) . However, the differences between strains persisted when we limited our analyses to matings initiated at ≤90 days of age for both genders, and we observed no significant differences in pregnancy rates in older versus younger LE/orl males (data not shown).
The frequency of cryptorchidism in LE/orl male pups was 51% during the period studied (78% unilateral, left . right) and a total of 31% of testes were undescended (Table II) . LE/orl males with bilateral descended testes had fewer affected offspring (44%) than affected male sires (55%) but this difference was not statistically significant. However, the lower incidence of cryptorchidism in LE/orl males in recent years compared with a historical incidence of 64% (38% of testes undescended) may reflect our use of male breeders with unilateral or bilateral descended testes to optimize the vitality of the colony. Our breeding data suggest that paternity potential is indistinguishable between LE/orl males with normally descended testes and those with unilateral cryptorchidism, but significantly decreased in bilaterally cryptorchid males (Table II) , as noted in man (Lee and Houk, 2013) . The data suggest that reduced fertility and fecundity in the LE/orl strain is due to a combination of irregular estrus cycles, maternal illness, altered sperm counts in LE/orl males, fetal resorption and/or perinatal mortality.
LE/orl cryptorchidism is associated with multiple genomic loci
Inspection of intercross LE/orl X WKY/NCrl male progeny (n ¼ 33) revealed a single affected cryptorchid rat (3%) suggesting either dominant inheritance or a susceptibility allele common to LE/orl and WKY/ NCrl. Of 21 reciprocal backcrosses producing at least two litters, 16 delivered males with cryptorchidism; overall 54 of 292 (18%) F 2 males were affected. There were no differences in occurrence of affected offspring based on the gender of the F 1 and F 2 parents. Results of linkage analyses using informative microsatellite (n ¼ 242) and SNP (n ¼ 3556) markers showed strongest signals at four regions on chromosomes 6, 10, 16 and 19 (P , 0.003; Fig. 1 ) and limited, less significant (P ≤ 0.01) signals on chromosomes 8 and 15. We noted overlap between microsatellite and SNP data for chromosomes 6 and 19, but not 10 and 16, for which limited polymorphic microsatellite data were available. The genomic coordinates for linkage peaks, which we defined as regions defined by markers with P-values , 0.01, are shown in Table III . We focused initially on a peak defined by both SNP and microsatellite data on chr6 and the most significant genomic peak, on chr16, by sequencing of the expressed and promoter regions of promising gene candidates. Esr2 (chr6) encodes estrogen receptor beta (ERb), of potential interest in view of the inhibitory role of exogenous estrogen exposure on testicular descent (Staub et al., 2005) and the potential role of AR signaling (Handa et al., 2008; Rizza et al., 2014) . We found a promoter variant in Esr2 (Supplementary Table SII (Cai et al., 2008) ; the reference (T) nucleotide is the minor allele, which is homozygous in LE/orl and heterozygous in Crl:LE, and the alternative nucleotide (C) is semi-conserved in other species. However, we noted low expression of Esr2/ERb in fetal gubernaculum, as have other investigators (van Pelt et al., 1999; Staub et al., 2005) . On chr16, we identified variants that are homozygous in LE/orl, absent in Crl:LE and heterozygous in Crl:SD. One of these is a 245-nt insertion, predicted to be a promoterless, partial long interspersed nucleotide element (LINE-1) sequence (www.repeatmasker.org/) in reverse orientation within intron 8-9 (chr16:8238108, Rnor5) of Ncoa4, which encodes an AR coactivator involved in muscle development (Siriett et al., 2006; Kollara and Brown, 2012 Figure 1 Linkage analysis of LE/orl cryptorchidism. LE/orl female rats were intercrossed with WKY/Ncrl rats, and F 1 offspring were backcrossed with other LE/orl males and females. Affected males in the F 2 generation were genotyped using a genome-wide microsatellite marker kit and a rat-specific single nucleotide polymorphism (SNP) array. Data were analyzed using transmission disequilibrium testing with empirical estimation of significance by permutation (n ¼ 10 000 to correct for multiple testing) analysis as implemented in the parenTDT function of Haploview. Results are expressed as (-)log (P-value) with microsatellite and SNP results shown in blue and red, respectively.
Inherited cryptorchidism in the LE/orl rat heterozygous for the Ncoa4 and Insl3 alleles to enrich for the LE/orl genotype. In the F 1 generation of homozygous parents (F 7 generation overall), we identified a male (SLM26; one of 11 siblings, and 1 of 48 males in this generation) with left-sided cryptorchidism, the first non-LE/orl male with the phenotype that we have observed in our rat studies. However, matings among this generation and with other homozygous rats failed to produce any additional cryptorchid males (of 64 male offspring) and was associated with a marked reduction in pregnancy rate (87% success, mean 15 pups/litter in heterozygous, and 30% success, mean 10 pups/litter in homozygous matings). We generated WGS data for Crl:LE Esr2 mixed genotype, LE/orl and SLM26 male samples and prioritized conservative and/or potentially deleterious exonic variants in apparent linkage disequilibrium with the variants that we used for selective breeding to identify candidate risk genes. We achieved 14.6X, 16.7X, and 18.3X average per base coverage for the three samples respectively and identified a combined 7 238 358 SNPs, 1 582 721 indels (,15 bp), 312 519 long indels, and 90 526 other structural variants, which is similar to that reported for other rat strains (Atanur et al., 2013) . We found no potentially deleterious, intragenic CNVs in our linkage peaks in LE/orl or SLM26 genomes. Following submission of our WGS data to the RGD Variant Visualizer, we directly compared LE/orl data with that of other sequenced rat strains and confirmed the strong overlap of our variant calls with those of other strains. We found no unique, potentially deleterious exonic variants within our linkage peaks that could account for the phenotype, suggesting that the combination of multiple common variants contributes to cryptorchidism susceptibility in this strain.
An exonic deletion in Syne2 is associated with LE/orl cryptorchidism
With improved annotation of the chr6 linkage peak in a newer rat genome assembly than was unavailable at completion of the linkage analysis, we identified multiple additional variants in Syne2, a gene poorly annotated in prior assemblies. We confirmed in individual samples that all coding Syne2 variants are in linkage disequilibrium (LD) with the Esr2 promoter SNP in LE-derived strains, including SLM26 (Supplementary Table SII ). The most likely pathogenic Syne2 variants include a 24 bp deletion that produces loss of 8 amino acids (IAPSLATS) in the nesprin-2 protein (Syne2 del ), and potentially deleterious variants (S4178L and P4438L) within strongly predicted PEST (rich in proline, glutamic acid, serine, threonine) domains, motifs that predict regulation by proteolysis (Rechsteiner and Rogers, 1996) (PEST scores of 11.56 and 17.21, respectively; http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind).
WGS analysis revealed additional candidates, including potentially causal variants in Ankrd28, Parg, Solh (also known as Capn15), Slit3 and Hsd17b2 (Supplementary Table SII) . Several additional candidates (hydroxysteroid (17-beta) dehydrogenase 2, Hsd17b2; polypeptide N-acetylgalactosaminyltransferase 15, Galnt15; and interleukin 9 receptor, Il9r) were not addressed further in the present study, as our existing data suggest that expression is low in gubernaculum (Barthold et al., 2008 . In genotyping the strongest candidate variants in the transcrotal (TS) rat, another cryptorchid strain (tissue for genotyping kindly provided by Prof. John Hutson), we failed to find overlap with any chr6 or chr16 putative LE/orl causal variant, but note that the Solh/Capn15 variant is present and homozygous in the TS strain (Supplementary Table SII) .
Altered gubernaculum transcript expression in Crl:LE fetuses homozygous for the Syne2 deletion
In previous studies, we identified altered expression of muscle-specific, hormone receptor and DHT-and/or INSL3-responsive (Johnson et al., 2010; Barthold et al., 2013) transcripts in LE/orl as compared with Crl:LE samples of unselected genotype . We reanalyzed DHT response data to define expression patterns of samples from Crl:LE fetuses without (LE-Syne2 wt ) and homozygous for the Syne2 deletion allele (LE-Syne2 del ) and defined the genotype-specific response of a subset of LE/orl gene candidates to DHT. In prior studies, Slit3 and Myh7 transcript expression was DHT-responsive in Crl:LE but not LE/orl gubernacula, but the situation was reversed for Sfrp2. Syne2 and Slit3 are up-regulated in response to DHT in LE-Syne2 wt and LE-Syne2 del fetuses, but with differing patterns of expression (Fig. 2) .
Our data also suggest that Myh7 expression is more variable in LE-Syne2 del than in LE-Syne2 wt fetuses. We did not detect any genotypespecific differences in Sfrp2 and Ncoa4, which do not respond to DHT in Crl:LE fetuses (Fig. 2) . Our microarray data suggested that INSL3 up-regulates Ankrd28 expression; qRT -PCR analysis showed a similar trend, but the results were not statistically significant (data not shown). Syne2, Ankrd28, Ncoa4, Parg and Solh/Capn15 transcripts are expressed at higher levels in E17 than in E19 fetal gubernaculum and show Syne2 genotype-specific expression at one or both gestational days (Fig. 3) gubernaculum using an assay that spans the intron containing the Ncoa4 insertion in the LE/orl strain. This suggests that the Syne2 deletion allele modifies Ncoa4 expression in LE wt rats, but that significant up-regulation does not occur in LE/orl gubernacula, potentially due to the Ncoa4 variant or other factors that alter Ncoa4 expression in this strain. Further studies are needed to determine the relationship of Syne2 and Ncoa4, and their encoded proteins, with each other and with AR signaling pathways in the fetal gubernaculum. Since Ncoa4 is a known nuclear receptor coactivator (Kollara and Brown, 2012) , we also measured levels of hormone-responsive genes (Johnson et al., 2010; Barthold et al., 2013) (Fig. 4) .
Altered testicular transcript expression in Crl:LE fetuses homozygous for the Syne2 deletion
In our previous work, we identified reduced levels of testicular testosterone LE/orl as compared with Crl:LE fetuses . When we calculated Syne2 genotype-specific testicular testosterone, mean levels were significantly different between LE/orl and LE-Syne2 del ,
but not between LE/orl and LE-Syne2 wt fetuses (Fig. 5A) . However, despite lower testosterone levels, we did not observe a significant decrease in total Leydig cell volume in LE/orl as compared with LE-Syne2 del testes (n ¼ 5 replicates per group) in a limited morphometric analysis. To study this further, we measured levels of Leydig cell (Ar, Insl3 and Lhcgr), and steroidogenesis transcripts (Cyp17a1, Scarb1, Star and Cyp11a1) in LE-Syne2 wt , LE-Syne2 del and LE/orl testis at E17 and E19 (Fig. 5B) . In these analyses, we noted differential expression of Ar, Insl3, Cyp17a1 and Scarb1 in LE-Syne2 wt versus LE-Syne2 del testes at E17 and/or E19.
We also observed suggestive up-regulation of Ncoa4 expression in LE-Syne2 del testes that was less robust than in gubernaculum, but no Figure 2 Response of Ar and of LE/orl candidate gene transcripts to dihydrotestosterone (DHT). Transcript expression of androgen receptor (Ar), transcripts differentially regulated by DHT in cryptorchid and wild type (wt) fetuses, and LE/orl candidate genes in E17 gubernacula was analyzed based on fetal genotype: wt fetuses without (LE-Syne2 wt ), and wt (LE-Syne2 del ) and LE/orl fetuses with the Syne2 exonic deletion. Samples (n ¼ 5 -8 replicates/group) were exposed to DHT (0, 10 or 30 nM) for 24 h, RNA was extracted and transcript levels were measured by qRT-PCR using specific TaqMan w gene expression assays. Expression levels were calculated relative to glyceraldehyde-3-phosphate dehydrogenase (Gapdh) and an embryonic RNA control preparation. Ar, androgen receptor; Slit3, slit homolog 3; Syne2-5 ′ , spectrin repeat containing, nuclear envelope 2 (exon 17 -18 assay); Myh7, myosin heavy chain 7; Sfrp2, secreted frizzled-related protein 2 and Ncoa4, nuclear receptor coactivator 4. *P , 0.05, **P , 0.01 by ANOVA after log transformation.
Inherited cryptorchidism in the LE/orl rat Figure 3 Genotype-specific transcript expression in fetal gubernaculum. Expression levels of (A) hormone receptors, (B) muscle-specific transcripts and (C) LE/orl candidate genes in E17 and E19 gubernacula (mean + SEM) from wild type (wt) fetuses without (LE-Syne2 wt ), and wt (LE-Syne2 del ), and LE/orl fetuses with the Syne2 exonic deletion (n ¼ 8 -12 replicates per group). Expression levels were calculated relative to Gapdh and an embryonic RNA control preparation. (A) Ar, androgen receptor; Esr1, estrogen receptor 1; Rxfp2, relaxin/insulin-like family peptide receptor 2; (B) Myog, myogenin; Myh3, myosin heavy chain 3; Myh7, myosin heavy chain 7; (C) Ncoa4, nuclear receptor coactivator 4; Syne2-5 ′ , spectrin repeat containing, nuclear envelope 2 (exon 17 -18 assay); Syne2-3 ′ , spectrin repeat containing, nuclear envelope 2 (exon 108-109 assay); Solh, small optic lobes homolog; Ankrd28, ankyrin domain-containing 28 and Parg, poly (ADP-ribose) glycohydrolase. *P , 0.05, **P , 0.01, ***P , 0.001 by ANOVA after log transformation. significant genotype-specific differences for Solh or Syne2 (Fig. 5C ). These data are preliminary but suggest that nesprin-2 may have functional roles in both gubernaculum and Leydig cells, with the potential to regulate androgen production and action, respectively.
Cryptorchidism gene candidates encode proteins expressed in fetal gubernaculum and testis
We studied expression patterns of AR and of proteins encoded by our cryptorchidism susceptibility loci (Fig. 6 ) and also found nuclear AR expression in the majority of mesenchymal cells within the core of the E17 gubernaculum, and in association with the outer layer of developing muscle. We also found enriched expression of ANKRD28, SOLH/ calpain 15, and nesprin-2 in cells surrounding the developing cremaster (Fig. 6A ). Imaging using a custom Nterminal antibody specific for the actin-binding domain of rat nesprin-2 (N2abd-83) showed expression in peripheral mesenchymal cells while N3, a well-characterized nesprin-2 C-terminal antibody, showed expression within muscle striations, consistent with known localization of this antibody to the Z-disk and I-band in striated muscle (Zhang et al., 2005) .
Our conditionally immortalized (Liu et al., 2012) primary gubernacular cell lines express myogenic markers including desmin, aSMA (also expressed in the striated fetal cremaster muscle) and integrin a7, but do not express paired box 7 (PAX7) or myosin heavy chain protein, indicative of committed and differentiated muscle, respectively (data not shown). These cells also consistently express AR, localized to both nucleus and cytoplasm, and we observed co-expression of AR with Figure 4 Genotype-specific expression of hormone-responsive transcripts in fetal gubernaculum. Expression levels of DHT-and/or INSL3-responsive transcripts in E17 and E19 gubernacula (mean + SEM) collected from wild type (wt) fetuses without (LE-Syne2 wt ), and wt (LE-Syne2 del ), and LE/orl fetuses with the Syne2 exonic deletion (n ¼ 8-12 replicates per group). Expression levels were calculated relative to Gapdh and an embryonic RNA control preparation. (A) Transcripts down-regulated (Tgfb2, transforming growth factor 2 and Cxcl12, chemokine (C-X-C motif) ligand 12) or up-regulated (Has2, hyaluronan synthase and Slit3, slit homolog 3) by DHT in wt fetal gubernaculum. (B) Transcripts up-regulated by INSL3 (Pnoc, prepronociceptin; Wnt5a, wingless-type MMTV integration site family, member 5a; Bmp3, bone morphogenetic protein 3) in wt fetal gubernaculum. (C) Transcripts up-regulated by both DHT and INSL3 (Chrdl2, chordin-like 2 and Crlf1, cytokine receptor like factor 1) or up-regulated by INSL3 and down-regulated by DHT (Wnt4, wingless-type MMTV integration site family, member 4) in wt fetal gubernaculum. *P , 0.05,**P , 0.01, ***P , 0.001 by ANOVA after log transformation.
Inherited cryptorchidism in the LE/orl rat Figure 5 Genotype-specific testicular testosterone and Leydig cell transcript expression. Expression levels in testis from wild type (wt) fetuses without (LE-Syne2 wt ), and wt (LE-Syne2 del ), and LE/orl fetuses with the spectrin repeat containing, nuclear envelope 2 (Syne2) exonic deletion (n ¼ ≥5 replicates per group). (A) Testicular testosterone levels (ng/testis, mean + SEM) were significantly higher in LE-Syne2 del as compared with LE/orl testes, but stereoscopic Leydig cell volumes were not significantly different between these groups. (B) A subset of Leydig cell-and steroidogenesis-specific transcripts show differential expression in LE-Syne2 wt and LE-Syne2 del samples. (C) Expression of LE/orl candidate genes does not show genotype-specific differences in testis, except for Ncoa4, which shows modest up-regulation in LE-Syne2 del fetal testis as compared with gubernaculum. Ar, androgen receptor; Insl3, insulinlike 3; Lhcgr, luteinizing hormone/choriogonadotropin receptor; Cyp17a1, cytochrome P450, family 17, subfamily A, polypeptide 1; Scarb1, scavenger receptor class B, member 1; Star, steroid acute regulatory protein; Cyp11a1, cytochrome P450, family 11, subfamily A, polypeptide 1; Ncoa4, nuclear receptor coactivator 4; Syne2-5 ′ , spectrin repeat containing, nuclear envelope 2 (exon 17 -18 assay); Syne2-3 ′ , spectrin repeat containing, nuclear envelope 2 (exon 108 -109 assay) and Solh, small optic lobes homolog. *P , 0.05, **P , 0.01, ***P , 0.001 by ANOVA after log transformation of data. Figure 6 Gubernacular expression of proteins encoded by LE/orl cryptorchidism candidate genes. (A) Crl:LE E17 gubernaculum sections stained for AR (androgen receptor), ANKRD28 (ankyrin domain-containing 28), calpain 15 (CAPN15, also known as small optic lobes homolog, SOLH), nesprin-2 (N3abd83 (N-terminal), and N3 (C-terminal) antibodies) and myosin heavy chain (all isoforms; A4.1025) shows enhanced expression of ANKRD28, calpain 15 and the actin-binding domain specific nesprin-2 antibody (green) in the developing muscle layer localized by myosin (red). AR is seen in mesenchymal nuclei surrounding developing muscle, and the C-terminal nesprin-2-specific antibody (N3) is co-localized with myosin within striated muscle (×40, except for lowest 3 N3 images, ×100; scale bar: 40 mm for ×40 images and 100 mm for ×100 images). (B) Primary Crl:LE gubernacular cells grown on collagen 1-coated plates and immunostained for androgen AR, ANKRD28, CAPN15 and nesprin-2 (N3abd83 antibody) show co-localization of all proteins with AR in these cells (×40, scale bar: 40 mm).
Inherited cryptorchidism in the LE/orl rat nesprin-2 (N2abd83), ANKRD28 and calpain 15 in both locations (Fig. 6B) . In contrast, immunolocalization of nesprin-2 using the carboxy (C)-terminal N3 antibody (data not shown) revealed poor co-localization with AR, and prominent staining in nucleoli, structures that consistently show low AR expression in our cells (Fig. 6B) . We did not observe qualitative differences in nesprin-2 expression based on strain or Syne2 genotype (data not shown).
In testis images, 3bHSD in Leydig cells was strongly co-localized with nesprin-2, but less strongly with other candidate proteins, including NCOA4/ARA70 (androgen receptor associated 70), ANKRD28 and SOLH/calpain 15 at E17 (Fig. 7) and E19 (data not shown). Calpain 15 in particular appeared to be more widely expressed in other cells within the interstitial space and within tubules. Expression of nesprin-2 in Leydig cells is consistent with Syne2 genotype-specific differences in Ar, Insl3 and genes involved in steroidogenesis.
Discussion
These data suggest that cryptorchidism in the LE/orl rat is a polygenic trait that is associated with variants in genes that are expressed in both gubernaculum and testis. Breeding studies of another cryptorchid rat strain (Gumbreck et al., 1984) , and association studies in pigs (Elansary et al., 2015) and man (Barthold et al., 2015a) provide further evidence that cryptorchidism is inherited as a polygenic trait. Using high throughput rat genotyping arrays and recent major advances in variant mapping of the rat genome, we identified promising candidates, including Syne2, Ncoa4, Solh/Capn15 and Hsd17b2, within four cryptorchidism-associated linkage peaks. These contain conserved or semi-conserved exonic variants with minor allele frequencies ranging from 0.24 -0.36 in previously genotyped rat strains, but the combination of alleles are unique to LE/orl. We validated these loci by generating a cryptorchid male via selective breeding of outbred strains for alleles at two of these loci, yet the very low incidence of cryptorchidism that we observed in this breeding protocol implies that additional alleles that were not accounted for contribute to risk. Previous rat sequencing data suggested that strain-specific haplotype blocks underlie disease susceptibility (Atanur et al., 2013) , but our analysis did not identify any unique, potentially damaging variants within LE/orl linkage peaks. Moreover, we found that only the Solh/Capn15 variant is present in the transcrotal cryptorchid rat strain, which may explain subtle phenotypic differences between LE/orl and TS (JM Hutson, unpublished data). Based on the disparate genetic architecture of the parental strains (Atanur et al., 2013; Figure 6 Continued Hermsen et al., 2015) from which reported colonies of cryptorchid rats emerged, it is likely that susceptibility is dependent upon genetic background and varies by strain. However, the increased propensity for leftsided disease in LE/orl rats mirrors that observed in other cryptorchid models; in Buffalo rats (Patkowski et al., 1992) and mice with inactivation of Wt1 (Kaftanovskaya et al., 2013) , cryptorchidism is always left-sided.
The promising susceptibility genes that we identified in cryptorchidismassociated linkage peaks show functional overlap with our prior rat studies (Barthold et al., 2008 and with suggestive loci that we identified in a genome-wide association study of nonsyndromic cryptorchidism (Barthold et al., 2015a, b) . In the LE/orl fetus, we found misexpression of cytoskeletal and hormone-responsive genes in fetal gubernaculum, abnormal muscle development and reduced testicular testosterone. Syne2, Ncoa4, Ankrd28 and Solh/Capn15 encode proteins that co-localize with nuclear AR expression in gubernaculum cells, with the cremaster myogenic zone in the periphery of the fetal gubernaculum, and with Leydig and other interstitial cells of the testis, suggesting that they may participate in cytoskeletal pathways, muscle development and hormone production and/or responses in the developing gubernaculum and testis. AR-positive mesenchymal cells are required for normal fetal gubernacular development and testicular descent, and transgenic deletion of Ar in these cells interferes with normal muscle development (Kaftanovskaya et al., 2012) . Interestingly, SYNE2, ANKRD28 and PARG were recently identified as novel AR-interacting proteins in prostate cancer cells (Hsiao et al., 2015) . A role for cryptorchidism risk genes participating at multiple levels in hormonal pathways required for gubernacular development and testicular descent is biologically plausible, but defining a role for these LE/orl cryptorchidism susceptibility candidates in muscle development, hormone production and/or AR signaling will require further studies.
The most potentially damaging allele we identified is a deletion within Syne2, which encodes nesprin-2, a large cytoskeletal protein with a myriad of isoforms that participates in muscle development and has been associated with Emery-Dreifuss muscular dystrophy in humans, although transgenic inactivation of the gene in mice does not produce an evident phenotype (Zhang et al., 2007; Randles et al., 2010; Autore et al., 2013; Duong et al., 2014) . Nesprin-2 isoform expression changes during myogenesis, and the apparent differential expression pattern using N-and C-terminal antibodies in the developing cremaster muscle suggests that cell-specific isoforms may also exist in the developing gubernaculum. Nesprins contain tandem N-terminal calponin homology (CH) domains that are structurally similar to the actin-binding domains of actinins, known nuclear receptor coregulators (Huang et al., 2004; Khurana et al., 2011) . Actin-binding and other cytoskeletal proteins are also calpain substrates (Franco and Huttenlocher, 2005) and interact with AR in muscle (Ting and Chang, 2008) . Notably, Esr1/Syne1 and Esr2/Syne2 comprise adjacent gene pairs on rat chromosomes 1 and 6, respectively.
As the Syne2 product has structural similarities to other actin-binding proteins that participate in nuclear receptor signaling, we compared DHT-responsive transcript expression in LE-Syne2 wt and LE-Syne2 del Figure 7 Testicular expression of proteins encoded by LE/orl cryptorchidism candidate genes. Imaging of E19 testis suggests localization of ankyrin domain containing 28 (ANKRD28), nuclear receptor coactivator 4/androgen receptor associated 70 (NCOA4/ARA70) and nesprin-2 in Leydig cells with minimal if any intratubular expression of these proteins, and calpain 15 (CAPN15, also known as small optic lobes homolog, SOLH) in both interstitial and intratubular locations. Peritubular myoid and Leydig cells are localized using the specific antibodies alpha smooth muscle actin (aSMA) and 3-beta hydroxysteroid dehydrogenase (3bHSD), respectively (×40, scale bar: 40 mm).
Inherited cryptorchidism in the LE/orl rat fetal gubernaculum, and found differences that suggest that the Syne2 allele modifies expression of DHT response in wt rats. Most notably, expression levels of Ncoa4, a gene within our chr16 linkage peak that is highly expressed in the fetal gubernaculum and encodes a nuclear receptor coactivator (Kollara and Brown, 2012) , were markedly increased in LE-Syne2 del male gubernacula. If nesprin-2 participates in AR signaling, a compensatory response may exist in Crl:LE fetuses homozygous for the Syne2 deletion, as many proteins contribute to the AR interactome in androgen sensitive tissues. The LE/orl Ncoa4 intronic insertion does not appear to directly alter transcript levels; however, there is a shorter developmental isoform of NCOA4/ARA70 exists (Kollara and Brown, 2010) that is expressed in gubernaculum (data not shown), but its origin and regulation are poorly understood. Further studies will be required to define a functional role for the Ncoa4 variant, and to determine whether nesprin-2 and NCOA4/ARA70 function as AR coactivators in the gubernaculum. In the fetal testis, these proteins are expressed in Leydig cells, and the LE-Syne del genotype is associated with increased expression of Ncoa4, although this up-regulation is less striking than in the gubernaculum. However, testicular testosterone and expression of Ar, Insl3 and other Leydig cell-specific genes is altered in LE-Syne2 del as compared with LE-Syne2 wt and/or LE/orl males, suggesting a direct or indirect functional association between Syne2 and steroidogenesis. Candidate variants in other linkage peaks encode proteins that could interact with each other and with AR. For example, interaction of spectrin and ankyrin domain-containing proteins has a role in organ development and in red blood cell shape (Bennett and Baines, 2001; Saito et al., 2015) . The function of the LE/orl candidate ANKRD28 remains unknown, but the protein is known to be associated with focal adhesion formation and may therefore participate in cytoskeleton-dependent processes such as cell migration and muscle development Tachibana et al., 2009) . Solh/Capn15, an atypical calpain with multiple zinc-finger, potential nucleic acid binding domains, is wellexpressed in fetal male reproductive tissues (http://gudmap.org) (Harding et al., 2011) and also shows nuclear and cytoplasmic localization in gubernacular cells. A potentially damaging variant could affect the protease function of calpain 15, and may be of functional importance if the additional, potentially deleterious variants in the predicted PEST domains of nesprin-2 are calpain target sites. Moreover, the 5 mb telomeric region of the chr10 linkage peak containing Solh/Capn15 is syntenic with human 16p13.3; deletion or translocation of this region is associated with the a-thalassemia mental retardation syndrome, ATX-16 (HolinskiFeder et al., 2000; Gibson et al., 2008) . Although cryptorchidism is a component of this syndrome, the genetic etiology has not been determined.
We did not find any intragenic structural variants in our linkage peaks to consider further as potential causal alleles. The rat genome assembly is less complete, accurate and well-annotated than those of human and mouse, and future re-analysis of our data may provide additional insight into the genetic basis of cryptorchidism in this strain. However, the present data add further support for altered AR and cytoskeletal signaling in the pathogenesis of cryptorchidism susceptibility, and show overlap with suggestive GWAS signals that we have identified in our human studies of nonsyndromic cryptorchidism (Barthold et al., 2015a) . Studies that define the AR interactome and the role of AR signaling in gubernacular development will help to better define the mechanism of action of specific candidate alleles, and determine how gubernaculumspecific perturbations in AR signaling may contribute to the risk of cryptorchidism.
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